Some microorganisms, such as Escherichia coli, harbor transhydrogenases that catalyze the interconversion between NADPH and NADH. However, such transhydrogenase genes have not been found in the genome of a glutamic acid-producing bacterium Corynebacterium glutamicum. In this study, the E. coli transhydrogenase genes udhA and pntAB were introduced into the C. glutamicum wild-type strain ATCC 13032, and the metabolic characteristics of the recombinant strains under aerobic and microaerobic conditions were examined. No major metabolic changes were observed following the introduction of the E. coli transhydrogenase genes under aerobic conditions. Under microaerobic conditions, significant metabolic change was not observed following the introduction of the udhA gene. However, the specific production rates of lactic acid, acetic acid, and succinic acid, and the overall production levels of acetic acid and succinic acid were increased by introducing the E. coli pntAB gene. Moreover, the NADH/NAD + ratio was increased by introduction of pntAB. Our results suggest that the E. coli PntAB transhydrogenase enhances the conversion of NADPH to NADH in C. glutamicum under microaerobic conditions, and the increased NADH/NAD + ratio results in increased succinic acid production. In addition, acetic acid production might be enhanced to supply ATP to the anaplerotic reaction catalyzed by pyruvate carboxylase.
Introduction
Many oxidation and reduction reactions are involved in cellular metabolism, most of which require pyrimidine nucleotide cofactors, such as nicotinamide adenine dinucleotide (NAD + ) and nicotinamide adenine dinucleotide phosphate (NADP + ) and their reduced forms NADH and NADPH, to supply oxidizing and reducing equivalents. Generally, NADH is produced via catabolism, and is oxidized in the respiratory chain under aerobic conditions or by fermentation under anaerobic conditions. Anabolic reactions to produce cell biomass components, such as fatty acid and amino acid biosynthesis, require NADPH as a reducing equivalent. Therefore, maintaining the intracellular balance of NAD(P) + and NAD(P)H is very important for most intracellular metabolic reactions to occur.
Some organisms contain the enzymes catalyzing the following interconversion of NADH and NADPH, called transhydrogenase:
NADPH + NAD + NADP + + NADH. To date, two types of transhydrogenases have been identified; the cytoplasmic-soluble and membrane-bound types. Membrane-bound transhydrogenases have been found in the inner mitochondrial membrane of eukaryotic cells and in the cytoplasmic membrane of many bacteria, and simultaneously catalyze proton translocation across a membrane.
Escherichia coli possesses genes encoding both types of transhydrogenases. udhA encodes the soluble cytoplasmic transhydrogenase (Boonstra et al., 1999) , while pntA and pntB encode the α and β subunits of membrane-bound transhydrogenase, and constitute an operon . PntAB is a proton-translocating transhydrogenase that moves protons through the membrane as follows:
NADPH (Sauer et al., 2004) . The PntAB transhydrogenase is one of the major NADPH sources in E. coli, while the UdhA transhydrogenase functions under metabolic conditions of excess NADPH formation. However, this previous study suggested that the two transhydrogenases provide extraordinary flexibility to deal with changes in catabolic and anabolic demands in E. coli cells.
The non-pathogenic coryneform bacterium Corynebacterium glutamicum is known as a glutamic acid-overproducing microorganism (Kinoshita et al., 1957; Udaka, 1960) . Nowadays, it is commonly used to produce useful buildingblock chemicals, such as lactic acid and succinic acid (Wendisch et al., 2006; Wieschalka et al., 2013) . C. glutamicum is used in microbial bioproduction systems to produce various amino acids, such as lysine, valine, and glutamic acid. Biosynthesis of lysine and valine requires NADPH as a reducing equivalent. Therefore, to improve the production of lysine and valine by C. glutamicum, several studies have attempted to increase its intracellular levels of NADPH. In one approach, the pgi gene encoding phosphoglucose isomerase, was disrupted, and the zwf gene coding for glucose-6-phosphate dehydrogenase were overexpressed (Becker et al., 2007; Marx et al., 2003) . In another approach, expression of E. coli pntAB in lysine-or valine-producing strains of C. glutamicum was also attempted (Bartek et al., 2011; Kabus et al., 2007) . Blombach et al. achieved isobutanol production by C. glutamicum using metabolic reactions for valine biosynthesis, and overexpression of E. coli pntAB in this system improved the productivity by allowing the cell to meet the NADPH requirements . However, little information on the effects of introduction of transhydrogenase genes into C. glutamicum wild-type cells is available.
In the present study, we examined the effects of expression of udhA and pntAB from E. coli on the metabolism of C. glutamicum wild-type strain ATCC 13032 under aerobic and microaerobic conditions. We found that production of acetic acid and succinic acid was enhanced by expression of pntAB. This was aided by the perturbed NADH/NAD + ratio in pntAB-expressing C. glutamicum cells. Cloning of the E. coli transhydrogenase genes udhA and pntAB. The E. coli udhA gene was amplified by polymerase chain reaction (PCR) from E. coli W3110 genomic DNA using KOD-plus-DNA polymerase and the following primers: 5 -TGGCCGGATCCTTTACGTACAGCGG-3 and 5 -AAGC CGGATCCACGCCGCACTATTGG-3 . The amplified fragment was digested with restriction endonuclease BamHI and then cloned into the BamHI site of vector pHT1 as described previously (Hirasawa et al., 2003) . The resulting plasmid was named pHT1-udhA, and was transformed into C. glutamicum ATCC 13032. The resultant strain was designated U-13032.
Materials and Methods

Strains
Similarly, the E. coli pntAB genes were amplified using primers 5 -GACAAGGATCCGTCTTTATCCGGCG-3 and 5 -GTGACGGATCCAGCAGAGGCCGTCAG-3 . The amplified fragment was cloned into the BamHI site of vector pHT1. The resulting plasmid was named pHT1-pntAB, and was introduced into C. glutamicum ATCC 13032, and the resultant strain was designated P-13032.
The ATCC 13032 strain was transformed with empty vector pHT1 to construct the control strain, which was named C-13032 and was used throughout the study.
Cultivation with jar fermenters. To prepare a preculture, cells grown on an L agar plate at 30 C for 24 h were inoculated into 40 ml of synthetic medium in a 500-ml Sakaguchi flask and then incubated at 31.5 C for 16 h at 120 rpm. To prepare the main cultures, the preculture was inoculated into 400 ml of synthetic medium in a 1-liter jar fermenter (BMJ-02NP3; Able Corporation, Tokyo, Japan) equipped with a pH probe (Broadley-James Corporation, Irvine, CA), a dissolved oxygen (DO) probe (Able Corporation), and temperature sensor, to achieve the optical density of culture at 660 nm (OD 660 ) at 0.3 and incubated at 31.5 C with a constant air flow at 400 ml min 1 . Agitation speeds were controlled at 800 and 300 rpm under aerobic and microaerobic conditions, respectively. To maintain the pH level in the culture, 5 M NaOH was automatically added as needed.
Measurement of cell density and glucose and organic acid concentrations. Cell density in the culture was determined by measurement of OD 660 using a spectrophotometer (UVmini-1240; Shimadzu Corporation, Kyoto, Japan). Glucose concentration was measured using a BF-5 biosensor (Oji Scientific Instruments, Hyogo, Japan) according to the manufacturer s instructions. Organic acid concentrations were measured using a high performance liquid chromatography system (Shimadzu Corporation) equipped with a TSKgel OApak -A and a TSKgel OApak-P guard column (Tosoh Corporation, Tokyo, Japan) according to the method reported by Usui et al. (Usui et al., 2012) .
Measurement of intracellular NADH/NAD + and NADPH/ NADP + ratios. One volume of C. glutamicum culture was mixed with 2 volumes of 60% methanol plus 70 mM HEPES to quench the intracellular metabolism according to the methods described in the literature (Faijes et al., 2007; Lee et al., 2010) . After that, cells were harvested by centrifugation and washed with ice-cold 0.9% NaCl solution three times. Extraction and measurement of intracellular NADH, NAD + , NADPH, and NADP + levels in C. glutamicum cells was carried out using the EnzyChrom NAD/NADH assay kit and EnzyChrom NADP/NADPH assay kit (BioAssay Systems, Hayward, CA) according to the manufacturer s instructions.
Results
Aerobic cultivation of the C. glutamicum recombinant strains carrying the E. coli transhydrogenase genes
To examine the effects of introduction of E. coli transhydrogenase genes udhA and pntAB on cellular metabolism in C. glutamicum, we cultivated the C-13032 (ATCC 13032/ pHT1), U-13032 (ATCC 13032/pHT1-udhA), and P-13032 (ATCC 13032/pHT1-pntAB) strains under aerobic and microaerobic conditions in a jar bioreactor and examined cell growth and glucose consumption. In this study, aerobic growth was defined as the conditions under which the dissolved oxygen (DO) concentration in the bioreactor was higher than zero, and microaerobic growth was defined as the conditions where the DO concentration in the bioreactor was nearly equal to zero.
We first examined the effects of introduction of udhA and pntAB on cellular metabolism in C. glutamicum under aerobic conditions (Fig. 1) . As shown in Fig. 1C , the DO concentration was higher than zero for the first 12 h, indicating C. glutamicum recombinant cells grew aerobically during this time period. The specific growth rates of the three recombinant strains were similar (0.40 0.02, 0.40 0.01, and 0.42 0.003 h 1 for C-13032, U-13032, and P-13032, respectively). On the other hand, the specific glucose consumption rate of P-13032 (0.44 0.03 mmol g dry cell 1 h 1 ) was lower than those of C-13032 (0.61 0.06 mmol g dry cell 1 h 1 ) and U-13032 (0.57 0.06 mmol g dry cell 1 h 1 ). These results indicate that glucose consumption is reduced by introduction of pntAB into C. glutamicum, but is not affected by introduction of udhA.
We next examined the production of organic acids by the three recombinant strains under aerobic conditions (i.e. 0 12 h post-inoculation). Results showed that over the first 12 h, amounts of lactic acid and succinic acid produced by these recombinant strains were very low, indicating that glucose incorporated into the cells is mainly utilized for biomass production (Figs. 1D F) . However, as shown in Figs. 1D and E, these recombinant strains produced lactic acid, acetic acid, and succinic acid after depleting O 2 in the bioreactor.
Increased production of acetic acid and succinic acid by C. glutamicum carrying pntAB under microaerobic conditions
Next, we analyzed the effects of expression of E. coli transhydrogenase genes on organic acid production in C. glutamicum under microaerobic conditions (Fig. 2) . As shown in Fig. 2C , DO concentrations in the three recombinant cultures were near zero at 8 h post-inoculation. Therefore, in this study, microaerobic conditions were examined after 8 h.
Cell growth and glucose consumption of three recombinant strains were compared. As shown in Fig. 2A , exponential growth was observed over the first 16 h in all three strains, after which they entered the stationary phase. Therefore, the growth periods of 8 16 h, 16 24 h, and 24 32 h were defined as exponential phase, transition phase, and stationary phase, respectively. The specific growth rates of U-13032 and P-13032 during the exponential phase (0.19 0.002 and 0.20 0.01 h 1 for U-13032 and P-13032, respectively) were significantly higher than that of C-13032 (0.19 0.002 h 1 ). The specific glucose consumption rate of U-13032 during exponential growth was significantly lower than those of C-13032 and P-13032 (Table 1) . Glucose consumption of all three strains continued throughout the transition and stationary phases, though the specific glucose consumption rate of P-13032 was higher than that of C-13032 during the transition phase (Table 1) .
Next, organic acid production of the three strains under microaerobic conditions was analyzed. All recombinant strains produced lactic acid, acetic acid, and succinic acid (Figs. 2D E) . The final production levels and specific production rates of lactic acid were similar among the three strains (Fig. 2D ), but the specific production rate in P-13032 was significantly higher than that in the C-13032 strain at the transition phase (Table 2 ). It is known that under microaerobic conditions, lactic acid whose production reaction requires NADH as a reducing equivalent is produced in C. glutamicum (Inui et al., 2004; Okino et al., 2005) . Our result suggests that intracellular NADH levels are increased by expression of E. coli pntAB, and as a result, the specific lactic acid production rate might be increased.
On the other hand, the overall production level of acetic acid by P-13032 was significantly higher than that of C-13032 (Fig. 2E) , and specific production rates at the exponential and transition phases were also higher than those of C-13032 (Table 2) . The final production level and specific production rate of acetic acid of U-13032 were similar to those of C-13032 (Fig. 2E) . The same trend was observed for succinic acid production by the three recombinant strains; the final production level and specific production rates at the exponential and transition phases for P-13032 were higher than those of C-13032 (Fig. 2F and Table 2 ). Succinic acid is synthesized from oxaloacetate, which is formed by anaplerotic reactions via malic acid and fumaric acid by the reductive TCA cycle. In this succinic acid biosynthesis reaction, malate dehydrogenase requires NADH as a reducing equivalent. These results indicate that introduction of the E. coli pntAB genes into C. glutamicum enhances succinic acid production as a result of increased NADH levels.
Intracellular NADH/NAD + and NADPH/NADP
+ ratios in udhA-and pntAB-carrying C. glutamicum under microaerobic conditions
Based on the increased specific production rates of lactic acid and succinic acid and the increased succinic acid production levels in P-13032, it was speculated that the intracellular NADH/NAD + ratio in P-13032 would be higher than that in C-13032. Therefore, all recombinant strains were microaerobically cultivated in jar bioreactors as described above, and NADH/NAD + and NADPH/NADP + ratios were measured from 12 24 h.
As shown in Fig. 3 , at the exponential and transition phases, the NADH/NAD + ratio in P-13032 was higher than that in the C-13032 and U-13032 strains, while the NADPH/ NADP + ratio was lower than those in C-13032 and U-13032. These results suggest that the E. coli PntAB transhydrogenase enhances the conversion of NADPH to NADH in C. glutamicum cells under microaerobic conditions, and this causes the increased production rates of lactic acid and succinic acid and the increased succinic acid production levels in the P-13032 strain.
Discussion
Oxidation and reduction reactions are central to cellular metabolism. For such reactions, oxidizing equivalents such as NAD + and NADP + , and reducing equivalents such as NADH and NADPH are required. The intracellular balance of oxidizing and reducing equivalents is called the redox balance (i.e. NAD + /NADH and NADP + /NADPH ratios), and is essential for maintaining cellular homeostasis. For metabolic engineering for bioproduction, it is very important to consider the redox balance. Some organisms contain the transhydrogenases responsible for interconversion of NADH and NADPH. However, C. glutamicum, which is used for production of amino acids, organic acids and alcohols, does not harbor transhydrogenase genes. Recently, the introduction of transhydrogenase genes into C. glutamicum cells has been examined in an attempt to improve production of amino acids and alcohol (Bartek et al., 2011; Blombach et al., 2011; Kabus et al., 2007) . However, the effect of transhydrogenases on cellular metabolism in a C. glutamicum wild-type strain has not been analyzed. In this study, we examined the effects of the introduction of the E. coli transhydrogenase genes udhA and pntAB on cellular metabolism under aerobic and microaerobic conditions. Under aerobic conditions, the effect of the udhA and pntAB genes was not significant. However, the rate of glucose consumption of P-13032 (ATCC 13032/pHT1-pntAB) was lower than those of U-13032 (ATCC 13032/ pHT1-udhA) and C-13032 (ATCC 13032/pHT1). In addition, the rate of the decrease in DO concentration in the P-13032 culture was also lower than those of the other two strains, suggesting that the oxygen uptake rate was decreased by introduction of E. coli pntAB. The decreased glucose consumption rate caused by introduction of the pntAB genes appeared to cause the decrease in oxygen uptake rate.
On the other hand, under microaerobic conditions, acetic acid and succinic acid production levels were enhanced by the introduction of pntAB. Under oxygen-limiting conditions, succinic acid is produced from oxaloacetate, which is produced by the anaplerotic reactions, via the reductive route of the TCA cycle in E. coli and C. glutamicum, and malate dehydrogenase in the reductive TCA cycle requires NADH as a reducing equivalent (Okino et al., 2008; Thakker et al., 2012) . Moreover, one of the enzymes involved in anaplerotic reactions, pyruvate carboxylase, requires ATP, and ATP synthesis occurs in the acetic acid production pathway (Yasuda et al., 2007) . Based on our results, we speculate that enhanced succinic acid production is caused by an increased NADH/NAD + ratio resulting from the introduction of pntAB, and by increased ATP formation that occurs as a result of enhanced acetic acid production. Succinic acid is an important compound as a building block of useful chemicals (Cheng et al., 2012; Delhomme et al., 2009) . Many studies on metabolic engineering of microorganisms for succinic acid production have been reported ( Okino et al., 2008; Thakker et al., 2012; Wang et al., 2011a, b; Wendisch et al., 2006; Wieschalka et al., 2013; Yuzbashev et al., 2010; Zhang et al., 2009 Zhang et al., , 2010 . From the viewpoint of metabolic engineering of C. glutamicum for succinic acid production, introduction of E. coli pntAB seems to be an effective way to enhance succinic acid production under microaerobic conditions. When increasing the NADH/NAD + ratio, C. glutamicum generally produces lactic acid to maintain the balance of NADH and NAD + by oxidization of NADH to NAD + . As expected, the specific production rate of lactic acid was increased by introduction of pntAB, but the final production level was not significantly different from that of the wild-type strain (Fig. 2) . Because the intracellular levels of lactate dehydrogenase might not be high enough to oxidize excess NADH caused by the introduction of pntAB under the experimental conditions examined, other metabolic pathways to oxidize NADH, such as the succinic acid production pathway via the reductive TCA cycle, should be examined.
As shown in Fig. 3 , we found that the NADH/NAD + ratio was increased and the NADPH/NADP + ratio decreased by the introduction of pntAB. Based on these results, it was thought that the direction of the reaction catalyzed by PntAB transhydrogenase was toward NADH formation in the C. glutamicum wild-type strain. Similar results were obtained in the case of the budding yeast Saccharomyces cerevisiae (Anderlund et al., 1999) . However, in the case of lysineproducing C. glutamicum mutants, introduction of pntAB increased lysine productivity, probably by increasing NADPH levels (Kabus et al., 2007) . A similar effect was observed in valine production and isobutanol production by C. glutamicum recombinant strains (Bartek et al., 2011; Blombach et al., 2011) . Moreover, it was reported that PntAB contributes to the formation of NADPH in E. coli (Sauer et al., 2004) . Sanchez et al. reported the effectiveness of the introduction of an E. coli udhA gene, encoding soluble transhydrogenase, for increased poly(3-hydroxybutyrate) production requiring NADPH in C. glutamicum (Sanchez et al., 2006) . However, Sauer et al. showed that UdhA contributes to NADH formation in E. coli cells (Sauer et al., 2004) . It can be speculated that the direction of the PntAB transhydrogenase reaction is determined by the demand for reducing equivalents in the cells. Under conditions where more NADPH is required than NADH (for example, production of amino acids and alcohols), the direction of the PntAB transhydrogenase reaction favors NADPH formation. Under conditions where more NADH is required than NADPH, or where NADPH is not required at all (for example, the stationary phase), the direction of the PntAB transhydrogenase reaction favors NADH formation.
In metabolic engineering toward bioproduction, introduction of transhydrogenase genes into the host microorganisms has been performed by many researchers. Based on our results, however, the direction of the reaction catalyzed by the introduced transhydrogenases might be determined by the demand for reducing equivalents in the metabolic network of C. glutamicum. Such flexibility of transhydrogenase reaction seems to be effective to maintain intracellular redox homeostasis, but becomes a problem to regulate the redox balance for metabolic engineering toward bioproduction. To overcome such a problem, further studies on the mechanism of the transhydrogenase reaction in various organisms would be important.
